The relationships between the systolic time intervals determined from simultaneous recordings of the electrocardiogram, the phonocardiogram, the carotid arterial pulse tracing, and direct measures of left ventricular performance as assessed angiographically by measurement of left ventricular stroke volume (SV), end-diastolic volume (EDV), and ejection fraction (EF) were studied in 68 patients with a wide variety of cardiac diseases. The systolic intervals, the pre-ejection period (PEP), the left ventricular ejection time (LVET), and the ratio PEP/LVET, each correlated significantly with angiographically determined EF and EDV. Closest correlation was observed between PEP/ LVET and EF (r = -0.90). The systolic intervals correlated only slightly with the angiographically determined SV. These data lend additional evidence supporting the use of systolic time intervals as a non-invasive measure of left ventricular performance in patients with cardiac disease.
prolonged and the left ventricular ejection time is shortened in these patients. A composite expression of these changes in the systolic time intervals is afforded by the ratio of the pre-ejection period to the left ventricular ejection time. In previous studies the systolic time intervals have not been related to more direct measures of left ventricular performance. The purpose of this report is to present studies on the relationships between the systolic time intervals and the left ventricular ejection fraction obtained from quantitative cardiac angiography in patients with various forms of cardiovascular disease.
Methods
The systolic time intervals were obtained from stimultaneous recordings of the electrocardiogram, phonocardiogram, and carotid arterial pulse tracing at a paper speed of 100 mm/sec using a multichannel photographic system (Electronics for Medicine). The Y lead in the Frank vectorial system was used to determine the onset of ventricular electrical activity. An Altec no. 52541 microphone served to record heart sounds within a frequency range of 150 to 500 cycles/sec. The carotid pulse was sensed by a glycerin pellet connected to a Statham PM-S strain-gauge transducer by a short length of Tygon tubing.
The patients were supine and resting at the time the recordings were made.
The durations of the systolic intervals were determined as follows: (1) The total electromechanical systolic interval (QS2) was measured from the onset of the QRS to the first highfrequency vibration of the aortic component of the second heart sound. (2) The left ventricular ejection time (LVET) was measured from the beginning upstroke to the trough of the incisura in the carotid arterial pulse tracing. (3) The preejection period (PEP) was derived by subtracting left ventricular ejection time from the QS2 interval. Deviations from the normal for the LVET and PEP intervals (A LVET and A PEP) were calculated as the difference between the observed intervals and those predicted from normal regression equations. The normal regression equations relating heart rate and the three systolic intervals, expressed in milliseconds and corrected for sex (M or F) are as follows1 2; QS., The ratio PEP/ LVET was obtained by dividing the pre-ejection period by the left ventricular ejection time. In a normal population the mean PEP/LVET is 0.345 (SD, 0.036), and in the range of heart rate from 50 to 110 it does not vary significantly with heart rate or sex. In all patients the duration of the QRS was 0.10 sec or less. The values for QS2, LVET, PEP, and cardiac cycle length represented an average of 15 to 20 consecutively measured cardiac cycles. The landmarks for determining QS2 and LVET were of good technical quality in all patients studied. All but 11 of the patients were receiving maintenance digitalis therapy at the time of the study.
Sixty-eight patients were studied (table 1) . Patients were selected at random according to the availability of ventricular volume studies and concomitant tracings for measuring systolic time intervals. Fifty-three patients were in sinus rhythm, and 15 were in atrial fibrillation. In the latter group the systolic time intervals were measured consecutively in the same manner as those in sinus rhythm. When an occasional cycle occurred with a markedly shortened R-R interval and a compromised carotid contour, it was excluded. Heart rate was calculated from the relationship 60 per average R-R interval. To simulate clinical application of the data, the systolic time intervals were measured separately in the course of a routine hospital day and compared with the hemodynamic determinations obtained at the time of cardiac catheterization. Cardiac catheterization, left ventricular biplane angiocardiograms, and the determinations of the systolic time intervals were obtained within the same 48-hour period. Left ventricular biplane angiocardiograms were made at a film speed of 6 to 12 frames/sec with contrast material injected into either the left ventricle or left atrium. Ventricular chamber volumes were determined by the method of Dodge and co-workers.3 4 The technic depends upon utilization of the formula for calculating the volume of an ellipsoid after correcting for x-ray distortion in both frontal and lateral films. Volume was plotted with respect to the time of filming in the cardiac cycle, and several cardiac cycles were superimposed. Thus, it was possible to obtain composite left ventricular volume curves from which end-diastolic volume, end-systolic volume, and stroke volume were determined. The calculations of ventricular chamber volumes in patients with atrial fibrillation were handled in the same manner as those with sinus rhythm. The average of angiographic measurements made on three to 10 consecutive beats was calculated. Stroke volume included both forward and regurgitant volumes when mitral or aortic insufficiency was present. The ejection fraction was calculated from the fraction, stroke volume divided by end-diastolic volume (SV/EDV). Effective forward flow was determined by the Fick method for measuring cardiac output. For this purpose expired air was collected through low-resistance valves into Douglas bags for a 3-min period. The oxygen content of the expired air was determined with a Scholander microgasometer. The volume of expired air was determined in a Tissot respiratory meter, and all samples were corrected for a standard temperature and pressure. The oxygen content of arterial and mixed venous blood was determined by the method of Van Slyke and Neill.5 Paired blood samples were withdrawn simultaneously at the beginning and end of each air collection. Effective stroke volume was calculated from the cardiac output and the simultaneously determined heart rate.
Statistical analyses were performed according to Snedecor6 with the aid of a Wang 360 and IBM 7040 computer. 
Results
Hemodynamic data for the 68 patients are summarized in table 1. The relationship between the ejection fraction (EF) and PEP/LVET is illustrated in figure 1 . The PEP/LVET correlated closely and significantly with EF (r =-0.90, P < 0.001). The inverse linear relationship between the variables is reflected in the regression equation EF 1.125 -1.25 x PEP/LVET (SD = 0.08).
To determine the independent contribution of the PEP and LVET, the relationship of each to the observed EF was studied. The correlation data, are summarized in table 2.
The PEP and LVET each correlated significantly with EF but with a lower correlation coefficient than for PEP/LVET and EF. To control the independent effect of heart rate on the systolic intervals, the relationship to the EF of the deviations in PEP (A PEP) and LVET (A LVET) from the normal regression equation for heart rate was studied as well.
Circulation, Volume XLII, September 1970 aortic valve; X =aortic insufficiency; P= Significant correlations of APEP and ALVET with EF were observed. The correlation coefficients relating A PEP and A LVET with EF were less than that observed for PEP/ LVET and EF.
To determine the degree to which the individual components of the ejection fraction, the stroke volume (SV) and the end-diastolic volume (EDV), contributed to the relationship of EF to PEP/LVET, the correlations of SV and EDV with PEP, LVET, and PEP/ LVET were compared (table 2). EDV correlated significantly with each of the variables with highest r value for PEP/LVET. The left ventricular stroke volume (angiographically determined) correlated only slightly with the systolic intervals and the PEP/LVET. Neither arterial systolic nor diastolic pressure correlated significantly with the systolic intervals. The left ventricular end-diastolic pressure exhibited a significant correlation of low order with each of the systolic intervals. Abbreviations: DAP = diastolic aortic pressure; SAP = systolic aortic pressure; all other abbreviations as in table 1. The correlation between PEP/ LVET and EF as well as that between PEP/LVET and stroke index among the various disease groups is summarized in table 3. The stroke indices refer to those calculated from the cardiac output determined by the Fick method and hence represent the effective left ventricular stroke output. While some variability was apparent among the different disease subgroups, a highly significant and close correlation between PEP/LVET and EF was apparent in each group. In contrast, PEP/LVET was closely related to stroke index only among the patients with ischemic heart disease.
Discussion
It is apparent from the present observations that a close and highly significant relationship between PEP/LVET and the left ventricular ejection fraction exists among patients with a wide variety of cardiovascular diseases. Both PEP and LVET correlated significantly with the ejection fraction; the correlation was positive for the pre-ejection period and negative for the left ventricular ejection time. The high degree of correlation of PEP/LVET with the ejection fraction (r -0.90) hence reflects the combined influence of the directionally opposite relationship of each of the systolic intervals to the ejection fraction. The PEP/LVET correlated significantly with the end-diastolic volume (r = 0.68), while there was only a slight correlation with the angiographically determined stroke volume (r = -0.31). The correlation between PEP/LVET and end-diastolic volume was less than that for PEP/LVET and the ejection fraction.
Thus, of the angiographic determinations, the ejection fraction was most closely related to the PEP/LVET.
In contrast to previous studies in which PEP! LVET was found to be closely correlated with the level of stroke volume (dye dilution) in patients with arteriosclerotic, hypertensive, and primary myocardial disease, a significant correlation between effective stroke volume and PEP/LVET did not pertain among all patients of the present series. observations in our laboratory have suggested that the presence of mitral regurgitation induces much variability in the relationship between PEP/LVET and the stroke volume.7 Among 15 patients in the present series with ischemic heart disease in whom valvular regurgitation was minimal or absent on angiograms, PEP/LVET correlated closely with the level of stroke index (r =0.77). Among the 36 patients with mitral valve disease, in 29 of whom moderate to severe mitral regurgitation was present on angiograms, PEP/LVET correlated poorly with the effective stroke index (r = 0.34). In the remaining 14 patients with a variety of cardiovascular diseases (table 3), in seven of whom a moderate degree of mitral regurgitation was demonstrated angiographically, the correlation between PEP/LVET and effective stroke index was similarly poor (r =0.48). Among the three groups of patients, however, the correlation between PEP/LVET and the ejection fraction remained high. Hence, while the presence of valvular regurgitation appears to diminish the correlation of PEP/LVET with the effective stroke volume, the relationship of PEP/LVET to the ejection fraction is not significantly altered.
The present studies do not elucidate the factors which are fundamentally responsible for the close relationship between PEP/LVET and the ejection fraction among patients with heart disease. On analysis, in theory the decrease in the left ventricular ejection fraction is a measure of the relative diminution in the effective contraction of the left ventricular chamber. The increase in PEP/ LVET, which is accounted for by a lengthening of the pre-ejection period and a parallel abbreviation in the left ventricular ejection time, most probably reflects a diminution in the rate of rise in left ventricular pressure during left ventricular systole." 2 The most plausible explanation for the concordant changes in PEP/LVET and the ejection fraction is that both measures reflect a common disorder in left ventricular contractile performance. In this regard, the experimental observations of Spann and co-workers,8 dem-Circulation, Volume XLII, September 1970 onstrating an impairment in the intrinsic contractile performance characteristics of papillary muscles taken from the hypertrophied and failing cat heart, are pertinent. This defect is reflected in a diminished velocity of contraction for any given load and a decrease in the estimated maximal velocity achieved at 0 load (Vmax) in the contracting muscle. In addition, the peak rate of rise in tension is diminished in the isometrically contracting papillary muscle removed from the hypertrophied and failing cat heart. Studies in patients with cardiac disease have demonstrated a diminution in the peak rate of left ventricular pressure rise during the isovolumic period in the presence of heart failure.9 More recent observations, in which isovolumic left ventricular pressure events were interpreted relative to instantaneous velocity and load, are consistent with a diminution in Vmax in the myocardium of the hypertrophied and failing heart in man.'0 In light of these studies it is attractive to hypothesize that the defect in myocardial contractile performance occurring in the hypertrophied and failing left ventricle is responsible for parallel deviations from normal in the rate of systolic pressure rise, in the systolic time intervals, and in the ejection fraction. Further studies on the relationship of PEP/LVET and the ejection fraction to the intrinsic contractile properties of the left ventricular myocardium are necessary to test the validity of this thesis.
It is to be noted that several entities were observed in small numbers or were not included in this investigation, including the broad spectrum of congenital heart diseases, isolated aortic valvular disease, hypertensive disease, primary disorders of the right side of the heart, infiltrative myocardial disease, constrictive pericardial disease, and intraventricular conduction disturbances. In addition, patients with heart rate greater than 115 were not included in the present studies. More complete evaluation of such disorders will be needed before one can accept the application of the PEP/LVET as a general correlate of the ejection fraction.
